Size of anal papillae in chironomids: Does it indicate their salinity stress?  by Kefford, Ben J. et al.
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a b s t r a c t
Salinity of inland waters is affected by a range of human activities and is regarded as a major environ-
mental contaminant in many parts of the world. Changes in salinity are well known to be associated with
changes in macroinvertebrate communities of ﬂowing waters. However, as many environmental factors
co-varywith salinity, it is not knownwhether, and if so how, salinity causes communities to change. Being
able to measure the osmoregulatory stress that individual stream macroinvertebrates are experiencing
would be useful to understand if and how salinity affects their populations and thus communities. Addi-
tionally, inferring salinity stress in individual invertebrates could provide a valuable biomonitoring tool
to detect the initial effects of salinity before major ecological changes have occurred. Osmoregulation in
larval Chironomidae (Diptera) takes place in the anal papillae and their size is believed to be associated
with osmoregulatory stress. In two laboratory experiments and a ﬁeld survey in southern Victoria, Aus-
tralia, we determine if the size of the anal papillae of larva chironomids is a useful biomarker of salinity
stress. Experiments with Chironomus oppositus showed that the surface area of the anal papillae was sim-
ilar in larva hatched across 5 egg masses collected from 3 sites but were affected by salinity treatments.
Furthermore, the (transformed) ratio of this surface area to the body length of the larva was independent
of the size of C. oppositus. However, for Chironomus cloacalis, this surface area differed between larva
hatched from egg masses collected from the same site. The expected trend in surface area of the anal
papillae relative to the size of larva (Chironomu alternans, C. cloacalis, Dicrotendipes sp., Criptochironomus
sp. and Tanypodinae) was not duplicated in the ﬁeld survey. It would appear that unknown factors, other
g thethan salinity, are affectin
ntroduction
Increasing salinity levels are a major threat to freshwater biodi-
ersity in many inland waters of the world due to human activities,
ncluding clearing of native vegetation (Peck 1978), irrigation,
ining and industrial discharges (Piscart et al. 2005) and road
e-icing salts (Kaushal et al. 2005; Silver et al. 2009). A number
f studies (e.g. Metzeling 1993; Kefford 1998; Piscart et al. 2005)
ave shown relationships between macroinvertebrate community
tructure and the salinity of rivers, even across the freshwater
ange. It is, however, difﬁcult to rule out the possibility that salinity
s confounded with aspects of habitat, water chemistry, hydrol-
gy or climate. So these other factors may (partially or wholly)
ause relationships between salinity and community structure to
hange.Detecting the level of osmoregulatory stress that individual
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oi:10.1016/j.limno.2010.09.004size of the anal papillae of chironomids in southern Victoria.
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macroinvertebrates were experiencing would determine whether
salinity was actually having a biological effect.
There are also practical environmental management beneﬁts
of detecting the salinity stress that individual macroinvertebrates
are experiencing. Most biomonitoring programs are essentially
based on correlations and can only suggest, and not show, a causal
link between populations or community structure and a particular
stressor, such as salinity. Without conﬁdently identifying the cause
of a biotic change it is not possible to determine the most appro-
priate restoration strategy. Additionally, although research on
biochemical biomarkers is ongoing, most established biomonitor-
ing procedures assess the presence/absence or abundance of taxa
and thus are only useful to document impacts on populations and
communities after adverse effects have occurred. If salinity stress
could be detected in organisms before salinity affects population
or community structure, management action could be deployed
to alter salinity and thus prevent the adverse effects. Manage-
ment actions that can rapidly alter salinity include environmental
ﬂows, stopping saline water disposal schemes, manipulation of
weir pool height and diversion of saline waters. However, there
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Table 1
Studies of chloride cells/epithelia in freshwater invertebrates.
Taxa Locality Isolated cells (IC) or epithelia (E) Located Concentrated Source
Ephemeroptera (16 species from 6
families)
Germany & USA IC Entire body Tracheal gills W72
Coloburisodes (Ephemeroptera:
Oligoneuriidae)
Australia IC Coxae & thorax, gills Oral & abdominal gills FC84
Chaoborus obscuripes (Diptera:
Chironomidae)
Germany E Anal papillae W75
Nematocera dipterns which include
Culicidae, Tipulidae, Simuliidae,
Chironomidae and Ceratopogonidae
All E Anal papillae K77
Limnephilus stigma (Trichoptera:
Limnephilidae)
Germany E Abdominal segments W75
2 species of Coenagrion (Zygotera:
Coenagrionidae)
Germany E Inside of rectum WK74a
Anisoptera–review All E Rectal gills K82
Libellula depressa, Aeshna cyanea, Anax
imperator (Anisoptera)
Belgium E Anterior of hindgut (ileum) M80
Trinotoperla irrorata (Plecoptera:
Gripoterygidae)
Australia IC Nearly entire body Ventral of abdomen & thorax, intersegmental membrane & gills WK74b
Notonecta glauca (Hemiptera:
Notonectidae)
Germany IC Entire body Abdomen, thorax & legs KW75
Naucoris cimicoides (Hemiptera:
Naucoridae)
Germany IC Entire body KW75
Cladocera (review) All IC Epipodite AP95
4 species of Temnocephalidae
(Platyhelminth)
Australia E Dorsal J96
Procambarus clarkia (Decapoda:
Cambaridae)
USA IC Central gill ﬁlaments D91
AP95=Aladin and Potts (1995), D91=Dickson et al. (1991), FC84= Filshie and Campbell (1984), J96 = Joffe et al. (1996); K77=Komnick (1977), K82=Komnick (1982); KW75=Komnick and Wichard (1975); M80=Moens (1980),
W72=Wichard et al. (1972); W75=Wichard (1975), WK74a=Wichard and Komnick (1974a), WK74b=Wichard and Komnick (1974b).
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s no early warning to identify that freshwater organisms are cur-
ently stressed by salinity but populations and communities are yet
o be adversely affected.
Chloride cells are involved in thepumpingof ions fromdissolved
alts into and out of the bodies of a wide range of aquatic ani-
als (Foskett et al. 1983; Kaneko et al. 2008). Chloride cells are
lso known as mitochondria-rich (MR) cells. Although they have
een most extensively studied in ﬁsh, they have been observed
n a wide range of freshwater invertebrates (Table 1). Unlike in
sh, where chloride cells are exclusively found on the gills, they
ave been observed in a range of external areas of the bodies of
nvertebrates. In freshwater invertebrates there exist both isolated
hloride cells (individual or small groups of chloride-rich cells) and
hloride epithelia (larger regions of external tissuewith continuous
r near continuous coverage of chloride cells) (Table 1).
As osmoregulatory demands on an animal change with chang-
ng external salinity, it is expected that the amount of chloride cells
ould change correspondingly. There are few studies investigat-
ng whether this in fact occurs. This is because the vast majority of
tudies of chloride cells in ﬁsh and invertebrates have concentrated
n their histology and physiology (for freshwater invertebrates see
eviewsbyKomnick (1977) andCiofﬁ (1984)).However, a fewstud-
es investigated changes in chloride cells and observed changes
n chloride cells associated with salinity change in both ﬁsh (e.g.
ada et al. 2004) and freshwater invertebrates (e.g. Wichard et al.
973). Measuring the area or the proportional area of the surface
f an animal that is covered with chloride cells might indicate the
smoregulatory stress in individuals.
Individuals of several macroinvertebrate species have higher
rowth as salinity increases from low (0.05–0.1mS/cm) to mod-
rate (0.5–5.0mS/cm) levels (Kefford and Nugegoda 2005; Hassell
t al. 2006; Kefford et al. 2006a, 2007b). As salinity increases fur-
her growth decreases and eventually death results (Hart et al.
991). Although the exact physiological mechanisms are uncer-
ain (see Boeuf and Payan 2001; Kefford and Nugegoda 2005),
smoregulatory stress would be expected to be relatively high at
ow salinities (due to hyperosmotic regulation) and high salinities
due to hypoosmotic regulation). Thus we would expect the area
r the proportional area of an animal covered with chloride cells to
e greatest at both low and high salinity.
Larval Chironomidae (Diptera) have chloride epithelia (dense
rea of chloride cells) covering the external surface of their anal
apillae (Komnick 1977), and the size of their anal papillae has
ong been thought to vary with salinity (Lenz 1920). Here we
xplore whether measuring the size of the anal papillae can be
sed to infer the salinity stress that chironomids are experienc-
ng. At salinities below the isoosmotic point (the salinity where
he internal osmotic concentration is equal to the external concen-
ration, typically 1–15g/L in freshwater invertebrates Hart et al.
991), we expected the size of the anal papillae to decrease with
ncreasing salinity. We sought to ﬁnd a measure of the size of the
nal papillae that would be informative of the salinity individual
arval chironomids are experiencing, whether this salinity is low
i.e. hyperosmoregulation) or high (hypoosmoregulation). As we
xpected larger individuals to have larger anal papillae, we sought
o ﬁnd a measure of anal papillae independent of the size of the
arval chironomids.
ethodshironomid experiments
Two experiments were performed, with the identical basic
esign. Chironomid egg masses were collected from a number of
ites (Table 2) with each egg mass containing some hundreds ofca 41 (2011) 96–106
embryos. The individual embryoswere separated froman eggmass
(as per Kefford et al. 2004, 2007a) and embryos from each egg mass
were randomly allocated to various salinity treatments (seebelow).
Embryos from each egg mass were kept separately. Both experi-
ments were conducted at 20–22 ◦C with 12h of daylight per 24h.
Each test vessel held approximately 300mL of water.
On ﬁrst hatching, a pinch per vessel of ground trout pellets
was given as food and additional food was given twice weekly.
All surviving chironomid larvae were removed after 20 or 21 days
of exposure in experiments 1 and 2, respectively and the exper-
iment terminated. In the ﬁrst experiment, some larvae were also
randomly removed after 7 and 14 days. Subsequent measurements
(mm) of the length and width (of one) anal papilla per individual
were made with a calibrated microscope eye piece micrometer.
The size that the chironomids attained over 20 or 21 days, in terms
of body length and head width, were also measured to determine
the effect of salinity on their growth. Chironomids from each egg
mass were identiﬁed using a genetic method (cytochrome oxidase
1 restriction fragment length polymorphisms (CO1-RFLP) as per
Carew et al. 2003).
Sand and activated carbon-ﬁltered Melbourne tap water, here-
after, wet lab water (WLW) was used as the control in both
experiments (≈0.1mS/cm), a typical analysis of WLW can be found
in the online Accessory Publication of Zalizniak et al. (2006). Salinity
treatments were obtained by dissolving Ocean Nature (Aquasonic,
Wauchope, NSW) marine salts in WLW which gives an ionic com-
position similar to sea water as this is the most common ionic
composition in inlandsouthernAustralian salinewaters.Waterwas
not changed during the experiment but salinity increases through
evaporation were prevented by regular additions of de-ionized
water.
Staining
Weadapted themethod of Berrill et al. (1991). Live chironomids
were placed in 5-mL vials and brieﬂy rinsed in deionized water (to
remove external chloride). This water was removed and a 1:1 dilu-
tion of deionized water and a 4% (by volume/mass) silver nitrate
solution (dissolved in deionized water) was then placed in the vial.
The silver nitrate solution was stored in a light-proof bottle. Vials
with the invertebrates being stained were left for approximately
30min away from bright light sources. The silver nitrate solution
was then removed and deionized water added. Vials were then
placed under bright light for approximately 15min after which the
solution was removed and 70% ethanol added and samples were
stored for subsequent measurement.
Statistical analysis
For each experiment and chironomid species, data were anal-
ysed in a 2-factor ANOVA: salinity treatment, egg mass and
salinity–egg mass interaction. As larger chironomids likely have
longer papillae, differences in size of chironomids between salinity
treatments may result in differences in anal papillae size between
salinity treatments, which do not reﬂect any difference in salinity
stress. We thus considered the ratio of (transformed) body length:
(transformed) size of the anal papillae as the response variable in
the 2-factor ANOVA. The transformations ensured that there was a
linear relationship between these two variables. We note that the
analysis of the ratio gave identical conclusions to using body length
as co-variant (results not reported).Experiment 1
Five chironomid egg masses were collected from three
sites (Table 2) from the Glenelg-Hopkins River Catchments in
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Table 2
Chironomus sp. egg collection sites.
Experiment Site EC (mS/cm) Egg masses number collected
1 Wannon River at Natimuk-Hamilton Rd 5.7 1
1 Frenchmans Creek at Natimuk-Hamilton Rd 8.2 1
1 Glenelg River at Balmoral (Stirring St) 4.4 3
2 Newport Lakes (Altona, Victoria) 6.0 7
Table 3
Physical parameters of the rivers within the Glenelg Hopkins catchments at the time of sampling.
Location pH Temperature (◦C) Salinity (mS/cm) Taxon collected
Mt Emu Creek at Panmure 8.0 19.4 2.73 Criptochironomus sp.
Hopkins River at Hopkins Falls, Wangoom 8.7 20.8 3.08 Dicrotendipes sp
Mt Emu Creek at Trawalla 7.1 18.5 1.56 C. alternans
Burumbeet Creek at Windermere 7.2 17.2 1.47 C. alternans
Glenelg River at Dartmoor 6.8 11.0 2.21 Tanypodinae
Glenelg River at Harrow 7.6 9.5 8.07 Dicrotendipes sp
Wando River at Wando Bridge 7.1 13.5 3.84 Dicrotendipes sp
Glenelg River at Casterton 7.4 10.3 5.03 C. alternans
Wannon River at Brungle Rd, Wannon 7.4 10.5 4.36 C. cloacalis
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2Wannon River at Dunkeld 6.7 10
Mt Emu Creek at Trawalla 7.5 11
Newport Lakes, Altona 8.8 18
Plenty River at Whittelsea 6.7 8
outh-western Victoria, Australia. The hatchlings of all egg masses
ere subsequently identiﬁed as Chironomus oppositus. Those from
he Frenchmans Creek egg mass (Table 2) showed slight genetic
ifferences to those from the other egg masses either indicating
enetic differences between populations or sub-species differ-
nces in C. oppositus. Based on sub-lethal (Hassell et al. 2006;
aradise 2009) and egg hatching (Kefford et al. 2004, 2007a;
aradise 2009) experiments with other Chironomus species, the
ollowing salinity treatments were selected: WLW (≈0.1mS/cm),
mS/cm, 2.5mS/cm, 5mS/cm and 15mS/cm. Results in Hassell et
l. (2006) and Paradise (2009) suggested no negative sub-lethal
ffects of salinity from 0.1 to 2.5mS/cm (with possible positive
nhancement in the 1 and 2.5mS/cm treatments), slight negative
ub-lethal effects at 5mS/cm and considerable sub-lethal effects in
he 15mS/cm treatments.
xperiment 2
A second experiment was conducted with the aim of determin-
ng if it is possible to duplicate the results of experiment 1. After
everal unsuccessful attempts to collect chironomid egg masses
rom the same region as the ﬁrst experiment, 7 egg masses were
ollected from Newport Lakes (Altona, Victoria) where the salinity
as 6mS/cm at the time of collection. The Newport Lakes site was
hosen because there were known large populations of chirono-
idspresent and it hada salinity level (6.0mS/cm)within the range
f salinities recorded where eggs for experiment 1 were collected
Table 2). Six of the seven eggmasseswere identiﬁed as Chironomus
loacalis and the remaining one as C. oppositus (the species used in
xperiment 1). The C. oppositus were from a small egg mass with
ewer eggs.
The C. cloacalis were exposed to ﬁve salinity treatments (0.1,
, 5, 10, 15mS/cm) for 21 days. C. oppositus were exposed to four
reatments (all except 1mS/cm) so as to have a reasonable number
f replicate eggs in each treatment.
ield survey of chironomidsTo explore relationships in nature between anal papillae and
alinity, we collected larval chironomids at sites spanning a range
f salinity (0.23–8.07mS/cm, Table 3) between February and July
008. Although salinity and other aspects of water quality do vary1.04 C. alternans
1.78 C. alternans
6.06 C. cloacalis
0.234 C. cloacalis
with time, spot readings of salinity in Victoria at a site usually cor-
respond to previously recorded salinity (Kefford 2001; Metzeling
1993). Most sites were within the catchments of the Glenelg and
Hopkins Rivers were secondary salinization is a major issue (Dixon
et al. 1998; Williams et al. 1991); other sites were from Newport
Lakes and the Plenty River. All were in southern Victoria.
Results
Experiment 1
Size reached
The size that C. oppositus reached after 20 days of salinity expo-
sure was used as a measure of their growth and gives an indication
of the sub-lethal stress they experienced. C. oppositus showed sig-
niﬁcant differences (see Table 4) in body length between salinity
treatments, egg masses and the interaction between these factors
(Fig. 1).Headwidthwasalso signiﬁcantlydifferent between salinity
treatments, egg masses and the interaction between these factors.
Thus salinity affected both measures of the size of larvae, but there
were also differences between the egg masses and the effect of
salinity differed between the egg masses. The most pronounced
effect for both measures of size is that C. oppositus reached a rela-
tively similar size in a particular salinity treatment, except in the
three egg masses from the Glenelg River. C. oppositus from Glenelg
River egg masses were considerably smaller in the 15mS/cm treat-
ment than all other treatments (Fig. 1). This site had a salinity
lower (4.4mS/cm) than the other two sites (5.7 and 8.2mS/cm).
Thus it is possible that parental salinity or salinity exposure of the
egg masses before the start of the experiment contributed to C.
oppositus from the Glenelg River being more affected by high salin-
ity than those from the other sites (see Paradise 2009). Across all
egg masses, body length and head width were signiﬁcantly smaller
in the 0.1mS/cm treatment than all other treatments, except the
15mS/cm treatments, which was statistically smaller again.
Anal papillae after 20 days
Stained chloride cells were clearly visible as a dark precipi-
tate on the anal papillae of C. oppositus from all egg masses in
all treatments. There are four anal papillae on each C. oppositus
and the amount on the papillae which stains dark varies from 0 to
100%. Dark staining areas always appeared to start at the proximal
100 B.J. Kefford et al. / Limnologica 41 (2011) 96–106
Table 4
Summary of statistical analysis for experiment 1 (C. oppositus) after 20 days.
Response Figure Salinity treatments Egg masses Interaction Transformation
Total body length 1 F4,338 = 43, P<0.001 F4,338 = 15, P<0.001 F16,338 = 6.5, P<0.001 Log10
Head width F4,337 = 29, P<0.001 F4,337 = 47, P<0.001 F16,337 = 2.7, P<0.001 Square-root
Length of dark (stained) papillae F4,327 = 0.56, P=0.69 F4,327 = 5.6, P<0.001 F16,327 = 2.7, P<0.001 Square-root
Length of papillae F4,327 = 29, P<0.001 F4,327 = 0.65, P=0.63 F16,327 = 1.7, P=0.037 Square-root
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SA of papillae: log10 total body length 3–4 F4,324 = 20, P<
closest to the body) end of papillae while the distal (further-
ost from the body) end was either stained or unstained. There
as also an approximately circular region surrounding the papil-
ae which sometimes stained dark. We initially considered that the
on-stained area of the anal papillae indicated the absence of chlo-
ide cells and thus hypothesized that the stained area might be
good indicator of salinity exposure. However, as there was no
elationship between the size of the stained area (on the papillae
Table 4), the surrounding circle or both) and salinity, we rejected
his hypothesis (results not presented).
The length of papillae (both stained and unstained) on C. opposi-
us was not signiﬁcantly different between egg masses but it was
trongly signiﬁcantly different between salinity treatments and
here was also a signiﬁcant interaction term (Table 4). Overall C.
ppositus had longer papillae in the 0.1mS/cm treatment than the
, 2.5 and 5mS/cm treatments; and in the 15mS/cm they had even
horter papillae. The signiﬁcant interaction was caused by (1) no
ffect of salinity in the Frenchmans Creek egg mass (F =1.3,4,52
= 0.29) and (2) papillae of C. oppositus from the Wannon River
gg mass being similar in size across all treatments ≤5mS/cm.
Asweexpected, therewasapositive linear relationshipbetween
he body length of C. oppositus and the length of the anal papillae
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ig. 1. Mean and 95% CI of body length of Chironomus oppositus after 20-day exposure.Wh
iver egg masses 1–3 and FrC= Frenchmans Creek (see Table 2).F4,327 = 6.9, P<0.001 F16,327 = 0.96, P=0.5 Nil
F4,324 = 3.9, P=0.004 F16,324 = 1.0, P=0.425 Nil
F4,324 = 1.3, P=0.30 F16,324 = 1.4, P=0.14 Square-root
F4,324 = 2.3, P=0.059 F16,324 = 0.92, P=0.55 Nil
(r=0.67, n=352, P<0.001 for all egg masses combined). We thus
used the ratioof lengthof thepapillae tobody lengthas adependent
variable. There were signiﬁcant differences in this ratio between
both salinity treatments and egg masses but there was no signif-
icant interaction (Table 4). This ratio decreased with increasing
salinity, with it being greatest in the 0.1mS/cm treatment, statisti-
cally smaller in the 1–5mS/cm treatments and smaller again in the
15mS/cm. Thus with increasing salinity the papillae were smaller
relative to the size of the individual C. oppositus.
The diameter of the papillae was highly signiﬁcantly different
between salinity treatments and egg masses, but there was no
interaction (Table 4), with the diameter decreasing across all egg
mass with increasing salinity and this decrease was apparent in all
egg masses except from Frenchmans Creek.
As salinity affected both the length and width of anal papillae of
C. opposituswecalculated the surface area of (the four) anal papillae
assuming that each was cylindrical. There were signiﬁcant differ-
ences in the surface area of anal papillae between salinity treat-
ments but no signiﬁcant differences between egg masses and no
interaction effect (Table 4), with the surface area of the anal papil-
lae decreasingwith increasing salinity (Fig. 2). This areawould thus
appear to be affected by salinity but not affected by the egg mass.
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ig. 2. Mean and 95% CI of the surface area (SA) the anal papillae (mm2) in Chiron
iver, Gl-E1, Gl-E2 and Gl-E3=Glenelg River egg masses 1–3 and FrC= Frenchmans
There was a linear relationship between square-root trans-
ormed surface area of the anal papillae and log10 total body length
Fig. 3), hereafter PSA:BL ratio. The PSA:BL ratio was signiﬁcantly
ifferentbetweensalinity treatmentsbutnotdifferentbetweenegg
asses, nor was the interaction between them signiﬁcant (Table 4
nd Fig. 4). It should be noted that the differences between egg
asses were close to being signiﬁcant at the 0.05 level, and the
ossibility of a type-2 error should not be excluded. However,
ven if this is the case, comparisons of the F-ratios suggest that
he effect of salinity is much greater than any difference between
he egg masses. The PSA:BL ratio declined with increasing salinity
ig. 3. Anal papillae surface area and body length of Chironomus oppositus after
0-day exposure to different salinity treatments./cm)
oppositus after 20-day exposure. Where W=egg mass collected from the Wannon
(see Table 2).
(Figs. 3 and 4) being greatest in the 0.1mS/cm treatments, reduced
in treatments 1–5mS/cm and smaller still in the 15mS/cm. There-
fore, after taking into account the size of C. oppositus, the PSA:BL
ratio decreased with increasing salinity.
Anal papillae at all exposure periods
Of all the response variables for C. oppositus considered on day
21, the best measure of salinity independent of the different egg
mass and the size of C. oppositus was the PSA:BL ratio. A better test
of whether this ratio can distinguish between salinity treatments
and account for the size of the C. oppositus is to conduct an anal-
ysis with C. oppositus at all ages (collected on days 7, 14 and 21).
This would be more practical for use in the ﬁeld where sampled
larvae are not from synchronous populations. When all C. opposi-
tus (regardless of age) were considered it was conﬁrmed that there
were linear correlations between the surface area of the (square-
root transformed) anal papillae and the (log10 transformed) body
length (r=0.756,n=480, P<0.001), suggesting that the PSA:BL ratio
accounted for the size of C. oppositus in mixed age populations.
The PSA:BL ratio was highly statistically signiﬁcantly different
between salinity treatments (F4,455 = 13, P<0.001) but not between
egg masses (F4,455 = 1.2, P=0.31) and there was no interaction
between these factors (F16,455 = 1.3, P=0.19) (Fig. 5). The PSA:BL
ratio was greatest in the 0.1mS/cm treatments, intermediate in the
1–5mS/cm treatments and least in the 15mS/cm treatments. So
with increasing salinity there is a decrease in the surface area of
the anal papillae relative to the size of C. oppositus.
Experiment 2Size reached by Chironomus oppositus
C. oppositus from Newport Lake were more salt sensitive that
those from the Glenelg and Hopkins Catchments. No C. oppositus
from Newport Lakes survived 21 days in the 15mS/cm treatment,
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trend in experiment 2 the PSA:BL ratio followed the same trend as
in experiment 1. That is, the PSA:BL ratio was greater at 0.1mS/cm
than at 5 and 10mS/cm and the ratio was similar in both the 5 and
10mS/cm treatments.
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espite individualshatching inall treatments.At21days therewere
o signiﬁcant differences in the size attained by C. oppositus (total
ody length in mm) between the salinity treatments (F2,25 = 0.032,
= 0.969).
ize reached by C. cloacalis
C. cloacalis from all egg masses hatched and some hatchlings
urvived 21 days in all salinity treatments. There were highly sta-
istically signiﬁcant differences in the body length of C. cloacalis
fter 21 days (Fig. 6) between egg masses (F57,456 = 227, P<0.001)
nd salinity treatments (F4,456 = 11.7, P<0.001) and the interaction
f these twowasalso signiﬁcant (F20,456 = 10.1,P<0.001). Thegreat-
st difference in the body length was between the C. cloacalis from
he different egg masses. In Fig. 6, the egg masses have been coded
rom largest larva from egg A to smallest from egg G. Individual
. cloacalis from egg mass A over 21 days obtained typical size of
round 14–16mm, while those from Egg G only reached a typical
ize of 6–8mm. Despite this difference between eggs after these
ifferences was accounted for (using the 2 Factor ANOVA) individ-
al eggmasses, in the 15mS/cm treatmentwere on average smaller
han those in other treatments.
nal papillae of Chironomus oppositus
The strongest linear relationship between the surface area
mm2) of C. oppositus (from Newport Lakes), anal papillae and total
ody length (mm) was again with anal papillae square-root trans-
ormed and the body length log10 transformed (r=0.823, P<0.001,
= 28). Therefore PSA:BL ratio was calculated as for experiment 1
Fig. 7). While there was no signiﬁcant difference between PSA:BL
atio between salinity treatments (F2,25 = 1.29, P=0.293), the sam-
le size of surviving C. oppositus was much smaller in the 2nd
xperiment (degrees of freedom: 2 & 25 in experiment 1 vs. 4 &
24 in experiment 2) and no C. oppositus survived at 15mS/cm
where thePSA:BL ratiowasmost reduced).Given the reducedsam-cm)
15.010.0
s. Egg masses have been coded from the largest larva A to the smallest larvae G.
ple size and the lack of a 15mS/cm treatment (where the PSA:BL
ratio was most reduced) it is not surprising that no signiﬁcant dif-
ference was observed. It is worth noting that the (non-signiﬁcant)EC (mS/cm)
10.05.0.1
Fig. 7. Mean and 95% CI of the ratio of square-root transformed surface area (SA)
of the anal papillae (mm2): log10 transformed body length (mm) (PSA:BL ratio) in
Chironomus oppositus from Newport Lakes.
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nal papillae of C. cloacalis
In contrast to C. oppositus, the strongest linear relationship
etween the surface area of the anal papillae and the total
ody length of C. cloacalis was with both variables log10 trans-
ormed (r=0.830, P<0.001, n=486 across all salinity treatments
nd egg masses). The ratio of the log10 transformed surface area
f C. cloacalis anal papillae: its log10 transformed total length
PSA:BL ratio), showed there were highly signiﬁcant differences
etween salinity treatments (F5,456 = 7.47, P<0.001), egg masses
F5,456 = 173, P<0.001) and the interaction between these two fac-
ors (F,456 = 11.4, P<0.001). Thus while this ratio was affected by
he salinity treatments, it was highly variable between egg masses
nd the effect of salinity differed between egg masses.
ield survey of chironomids
Five chironomid taxa were collected in sufﬁcient numbers to
arrant investigating relations between the relative size of their
nal papillae and salinity across sites that had a salinity ranging
rom 0.23 to 8.07mS/cm (Table 3). Of the ﬁve species examined
our were from the tribe Chironomini (which is within the sub-
amily Chironominae) and were: Chironomus alternans (collected
rom 4 sites), C. cloacalis (3 sites), Cryptochironomus sp. (1 site) and
icrotendipes sp. (3 sites). Additionally an unidentiﬁed species of
he Tanypodinae sub-family (1 site)was also examined. This spread
f taxa allows consideration as to whether the relative size of anal
apillae can be validly compared between species. Based on the
esults of experiment 1 we explored patterns in the relative size of
he anal papillae: the ratio of
√
surface area (SA) of anal papillae to
og10 body length (BL) and as before will refer to it as the PSA:BL
atio.
. cloacalis
There was a signiﬁcant difference in the PSA:BL ratio for C.
loacalis between the sites where it was collected (F2,56 = 9.933,
< 0.001) with statistically indistinguishable differences in the
SA:BL ratio at sites with a salinity of 0.23 and 4.36mS/cm but the
SA:BL ratio at both of these sites was greater than at a site with
n EC of 6.06mS/cm (Fig. 8), indicating relatively larger anal papil-
ae at 6.06mS/cm, which in turn suggests greater osmotic stress,
ompared to the less saline sites.ca 41 (2011) 96–106
C. alternans
There was no signiﬁcant difference in the PSA:BL ratio for
C. alternans between the sites (F3,87 = 1.881, P=0.139). However,
based on our experimental results, with the limited spread of EC
where this species was collected (1.04, 1.47, 1.56 and 5.03mS/cm),
it is uncertain whether we would have expected the ratio to differ
(Fig. 8).
Dicrotendipes sp.
All sites with Dicrotendipes sp. had signiﬁcant differences in the
PSA:BL ratio (F2,62 = 50.5, P<0.001), which was maximum at the
3.84mS/cm site and reduced at 3.08 and 8.07mS/cm sites (Fig. 8).
This result is difﬁcult to explain as it indicates greatest osmotic
stress at the site with the intermediate salinity, which is contrary
to what we would expect.
Within the genus Chironomus
Within the two Chironomus species collected the PSA:BL ratio
was similarly statistically indistinguishable between sites below
an EC of 6mS/cm (Fig. 8). This indicates that these two species
have similar PSA:BL ratios and thus it is meaningful to compare
this ratio across these species. In contrast with our expectations,
at the 6.06mS/cm site (where C. cloacalis was collected) its PSA:BL
ratio was larger (F,143 = 4.936, P<0.001) indicating greater salin-
ity stress than at lower (0.23–5.03mS/cm, except at 1.47mS/cm)
salinity sites (using Tamhane’s T2 for multiple comparisons).
Within the tribe Chironomini
Therewere clear differences in the PSA:BL ratio between species
from the tribe Chironomini collected at similar salinities (Fig. 8).
Cryptochironomus sp. at the 2.73mS/cm site tended to have a larger
PSA:BL ratio than both Chironomus species from sites with both
low and high salinities. As stated above, Dicrotendipes sp. ratio var-
ied with EC in a manner which is difﬁcult to explain. In any event,
at the 3.08mS/cm site the PSA:BL ratio was considerably lower
than other species at salinities slight higher and lower. Likewise
the PSA:BL ratio forDicrotendipes sp. at the 8.07mS/cm sites is con-
siderably lower than that for C. cloacalis at the 6.06mS/cm site. It
would appear not to be meaningful to compare the PSA:BL ratio
between members of different genera.
An unidentiﬁed species of the Tanypodinae sub-family which
was collected from a 2.21mS/cm site, had a lower PSA:BL ratio than
species of Chironomus collected at a slightly higher and lower salin-
ity (mean PSA:BL ratio of 0.264±0.0313 95% CI, not graphed). Thus
again it would appear not meaningful to compare the ratio across
species of chironomids.
Discussion
In experiment 1 across all egg masses, C. oppositus displayed
maximum size at intermediate salinity (1–5mS/cm) and not at
the lowest (0.1mS/cm) or highest salinity treatment (15mS/cm).
In order for C. oppositus to reach larger sizes over the 1–5mS/cm
range, they must have had a higher growth rate over this range.
A range of other freshwater animals (Kefford and Nugegoda 2005;
Kefford et al. 2006a,b) similarly had greater growth at intermediate
salinity, including from the genus Chironomus (Hassell et al. 2006;
Paradise 2009), although the physiological mechanisms responsi-
ble are uncertain (Boeuf and Payan 2001). Paradise (2009) likewise
found that larva of Chironomus tepperi 13 days post eggs ovipo-
sition had greater dry mass at 3mS/cm than at both 0.14mS/m
and ≥7mS/cm. The reduced dry mass of C. tepperi at 0.14mS/cm
was greater in larvae whose parents had been exposed to this low
salinity (Paradise 2009). In contrast, C. cloacalis obtained similar
sizes in salinity treatments from 0.1 to 10mS/cm but declined in
size at 15mS/cm and thus has a threshold for growth between 10
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nd 15mS/cm. Hassell et al. (2006) observed, that in Chironomus
p. growth rate was maximum at 0.15mS/cm and then declined
ith increasing salinity, being lower at 5mS/cm. We note that
n Hassell et al. (2006) rates were calculated for individuals that
merged as adults, in contrast to the current study where the size
hat Chironomus larvae obtained after 20–21 days salinity expo-
ure was determined (and it is uncertain whether all larva in the
urrent study would have survived to reach adults). Considering
ther aquatic dipterans, the euryhaline mosquito Ochlerotatus tae-
iorhynchus had higher pupal mass with increasing salinity, while
he freshwater mosquito Aedes aegypti had reduced pupal mass
ith increased salinity (Clark et al. 2004). Clearly there is a vari-
ty of salinity-growth relationships within aquatic dipterans and
ven within the genus Chironomus.
We observed that the surface area of individual C. oppositus
elative to the size of the larva (relative surface area) decreased
ith increasing salinity. The range of treatments with surviving
. oppositus differed between experiments 1 and 2 making a full
omparison impossible. The trend in the surface area of the anal
apillae of C. oppositus from Newport Lakes (experiment 2) was,
owever, consistent with experiment 1. The concentration of salt
nside freshwater animals ismuchgreater than the concentration in
mbient water and they expend energy to maintain this difference
n concentration (Potts 1954). Additionally, ions from salts (i.e. Cl−,
O42−, HCO3−, CO32−, Na+, Ca2+,Mg2+ and K+) aremade exclusively
f elements essential for life, so any deﬁciencies in these elements
ill result in adverse effects. The smaller size of C. oppositus and
he relatively large surface area of the anal papillae at 0.1mS/cm
ater are consistent with greater need for extracting ions from the
urrounding water. Presumably toxic effects of too high salinity
educed growth at the highest salinity treatment 15mS/cm and
here was little need to extract ions, hence the anal papillae surface
rea was relatively small.
It was encouraging that laboratory experiments found that the
urface area of C. oppositus anal papillae, relative to the size of the
arva (PSA:BL ratio) responded to salinity anddidnotdifferbetween
ggmasses and could account for differences in the size ofC. opposi-
us. The surface areamight indicate the amount of chloride cells and
hus theabilityofC. oppositus toextract ions fromits ambientwater.
owever, the relationship between salinity and the PSA:BL ratio in
. cloacalisdifferedbetween thedifferent eggmasses collected from
he same site.
Furthermore forC. cloacalis innature thePSA:BL ratiowashigher
t 6mS/cm than at 0.23 or 4.3mS/cm. In the ﬁeld, the PSA:BL ratio
f Dicrotendipes sp. anal papillae was maximal at the 3.84mS/cm
nd reduced at 3.08 and8.07mS/cm. This implies thatDicrotendipes
p.was atmaximumosmoregulatory stress at intermediate salinity
nd at less stress at lower salinity, which goes against osmoregula-
ory theory. Likewise it implies that C. cloacalis at 6mS/cm needed
o extract more ions than at lower salinities. More likely, there is
ariation in its anal papillae sizes unconnected to osmoregulation.
Several early studies (e.g. Lenz 1920) show that the size of anal
apillae of aquatic dipterans including Chironomus is related to
xperimental or natural salinity (see review by Komnick (1977)).
hy might some of our results be not as expected? Firstly, it has
een long known that the anal papillae of aquatic dipterans do
ot respond equally. Wigglesworth (1938) showed that, while the
eduction in the size of anal papillae was evident in both Aedes and
ulex, this reductionwasmore evident inCulex. He also commented
hat within salinity treatments, variation in anal papillae size was
arge andwas not correlatedwith the size of the respiratory siphon.
hile there are examples of the anal papillae of aquatic dipterans
eing related to salinity (including C. oppositus), this relationship
ay not be universal.
There are, at least, four potential reasons for our ﬁeld results
ppearing to contradict osmoregulatory theory. (1) Salinity inca 41 (2011) 96–106 105
nature is temporally variable, so the salinity recorded at sampling,
may differ from that in which they developed. Individuals under
osmotic stress may develop large anal papillae and the salinity
may then change, and the change in the size of the anal papil-
lae lag behind. The size of anal papillae may not only be affected
by the mean value of past salinity but also by how much salin-
ity has varied. While the salinity of rivers is temporally variable, it
mostly changes slowly and spot-readings of salinity in Victoria are
usually indicative of past salinity (Metzeling 1993; Kefford 2001),
and we consider this explanation to be unlikely to fully explain
the aforementioned inconsistent results. (2) The relative size of the
anal papillaemay be inﬂuenced by temperature orwater chemistry
(other than salinity). Berrill et al. (1987) suggested that the number
of chloride cells on Ephemeroptera may increase with decreasing
pH as a mechanism to tolerate increased osmotic stress in acidic
water. However, in subsequent experiments (Berrill et al. 1991) no
effect of pH on chloride cells was observed across 7 mayﬂy species.
Silver et al. (2009) observed that the effect of NaCl on mortality of
Chironomus riparius was temperature dependent. At 5 ◦C survival
(over 4 weeks) was greater at 5 g/L and lower at 0 and ≥10g/L (an
inverse ‘U’ shaped response), while at 10 ◦C survival was identi-
cal at 0 and 5g/L and reduced at ≥10g/L (a threshold response).
At 22 ◦C survival was greatest at 0 g/L and reduced at ≥5g/L. Silver
et al. (2009) suggested that temperature might affect the activity
andosmoregulatory costs inC. riparius, resulting in osmoregulatory
stress being temperature dependent. In ourﬁeld study, pH, temper-
ature (Table3) andotheraspectsofwater chemistryvariedbetween
sites and also temporally at each site. It is possible that chironomids
that are subject to different temperature, pH and/or other aspects
of water chemistry may have different osmoregulatory stressors
and thus the size of their anal papillae may be affected. (3) Even
when raised in identical water, there may be within species vari-
ation in the relative size of the anal papillae as was observed with
C. cloacalis. Such variation might be caused by variation in nutri-
tion, genetics, parental nutrition or parental salinity exposure (see
Paradise 2009). (4) Not all the surface of the anal papillae may be
covered in chloride cells and thus its surface areamaynot necessar-
ily be a good indicator of osmoregulatory stress. In the chironomid,
Tanytarsus barbitarsis, the site of ionic excretion in 4th instar larva
was the posterior rectal tissue but in the pupa it was in the dor-
sum of the thorax (Kokkinn 1986). Might the anal papillae not be
the only sites of ion exchange in chironomids? In ﬁeld-collected
individuals, where the larvae from multiple instars are examined,
the relative size of the anal papillae may vary despite constant
salinity due to variation in where ions are exchanged in different
life-stages. Finally the site of hyper- and hypo- osmoregulation in
some chironomids might differ. In light of the contradictory results
the assumption that the anal papillae is the predominant site of
both hyper- and hypo-osmoregulation in all larval chironomids
needs to be critically examined.
The relative surface area of the C. cloacalis anal papillae was
dependent on the egg mass from which the larvae hatched. Fur-
thermore the effect of salinity on this surface area differed between
the egg masses. This is despite all C. cloacalis eggs hatching and
being raised identically (except salinity) and exposed to tempo-
rally constant salinity. Additionally, all C. cloacalis egg masses were
collected from the same site during one collection. So all the C. cloa-
calis egg masses were laid into the same water and, assuming no
migration of adults, their parents would have experienced a sim-
ilar environment as their eggs. Thus variation in water chemistry,
other than salinity (point 2 above) probably cannot explain the
laboratory results for C. cloacalis. Although acute salinity tolerance
experimentswitholder life-stagesof othermacroinvertebratesﬁnd
little with species variation (Kefford et al. 2006b), the variation in
C. cloacalis anal papillae relative surface area between eggs might
still be caused by factors such as genetics or parental nutrition.
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Our study indicates that based on current knowledge it is not
ossible to use the size of the anal papillae of chironomids as a
iomarker of salinity stress. Further research is needed to explore
easons for differences in anal papillae size unconnectedwith salin-
ty. If for example, genetic differences account for the differences
n size of anal papillae, it should be possible to establish laboratory
ultures of a species with limited genetic variation. From such a
ulture, individuals would be removed and caged in the ﬁeld for
tandardized periods. The size of their anal papillae when collected
ould provide a meaningful measure of salinity stress.
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